INTRODUCTION {#SEC1}
============

Purine metabolism is implicated in plenty of physiologic and pathologic events in cells. Adenosine is an immunomodulatory molecule that suppresses immune responses in order to protect tissue integrity. The accumulation of dAdo and deoxyguanosine (dGuo) is toxic to lymphocytes ([@B1],[@B2]), while elevated dGTP and dATP levels cause problems in DNA repair pathways ([@B3],[@B4]). Consequently, ATP concentrations are tightly controlled by purinergic enzymes. Following the combined activities of Ecto-nucleoside triphosphate diphosphohydrolase (E-NTPDase) and Ecto-5′-nucleotidase (e-5NT) that convert ATP to adenosine, adenosine deaminase (ADA) and purine nucleoside phosphorylase (PNP) catalyze the degradation and salvage of purines ([@B5]). Specifically, ADA is responsible for the irreversible deamination of 2′-deoxyadenosine (dAdo) and adenosine to inosine, which antagonizes the suppressive effects of adenosine in human immune cells ([@B8],[@B9]). On the other hand, it was reported that ADA malfunction often results in diabetes mellitus, autoimmune thyroiditis, hepatitis etc. ([@B10]). In plants, purine metabolism always plays a role in embryo maturation and germination, as well as development of storage organs and sprouting, fruit ripening etc. ([@B13]).

*N* ^6^-methylated adenine (m^6^A) was discovered in the 1970s ([@B16]), and is considered the most prevalent posttranscriptional modification in mRNA. The modification has been observed in a wide range of eukaryotic species that range from yeasts, plants, insects to mammals as well as RNA viruses ([@B20]). m^6^A homeostasis requires the so-called 'writers' (m^6^A methyltransferases), 'erasers' (m^6^A-demethylating enzymes), and 'readers' (m^6^A-binding proteins) ([@B23]). The physiological functions of these enzymes are of great interests in recent years due to their possible roles in pathogenesis. Studies have shown that dysregulation of these modifications may be implicated in obesity, brain development abnormalities and other diseases ([@B26]). For example, the m^6^A RNA demethylase FTO (fat mass and obesity-associated protein), has been proved to be implicated in tumorigenesis ([@B31]).

Based on the phylogenetic relationships of various gene products with significant amino acid similarities to ADA using parimony and Bayesian methods, Maier *et al.* categorized adenyl deaminases into five subfamilies: adenosine deaminase (ADA), adenine deaminase (ADE), AMP deaminase (AMPD), adenosine deaminase-related growth factor (ADGF, or CECR1 in vertebrates), and ADA-like (ADAL) ([@B33]). ADE catalyzes the conversion of adenine to hypoxanthine whereas AMPD catalyzes the deamination of AMP to inosine monophosphate (IMP) and implicated in the purine nucleotide cycle. ADGF converts adenosine to inosine or its analogs. Aside from the four families mentioned above, Maier *et al.* identified a novel family which they named ADA-like (ADAL). In 2006, Schinkmanová *et al.* isolated and purified the ADAL enzyme from rat liver ([@B34]). This enzyme, which they named *N*^6^-methyl-adenosine monophosphate aminohydrolase, apparently converted *N*^6^-methyl-adenosine monophosphate (*N*^6^m-AMP) and *N*^6^-methyl-deoxyadenosine monophosphate (*N*^6^m-dAMP) to inosine monophosphate (IMP) and deoxyinosine monophosphate (dIMP) respectively. However, previously considered to possess the same function as ADA by Maier *et al.*, due to the conservation of all the key residues required for A-to-I deamination, rat ADAL was proven to be unable to utilize adenosine or AMP as a substrate. Moreover, it was inhibited by deoxycoformycin 5′-phosphate while the adenosine deaminase inhibitor *erythro*-9-(2-hydroxy-3-nonyl) adenine (EHNA) was ineffective. Five years later, Murakami *et al.* purified and biochemically characterized the human enzyme, and found that this protein was adenosine deaminase-like protein isoform 1 (ADAL1, i.e. human *N*^6^-methyl-AMP deaminase or HsMAPDA). By testing a series of potential substrates, they further demonstrated that ADAL1 specifically acts on *N*^6^- or *O*^6^-substituted purine or 2-aminopurine nucleoside/nucleotide analogues, but its activity is sensitive to modifications in the phosphate moiety ([@B35]).

Recently, the ortholog from *Arabidopsis thaliana* was identified, and its phylogenetic spread and possible specificity determinants for *N*^6^m-AMP were investigated. Chen *et al.* showed that the plant root growth was barely affected upon the knockout of the gene. However, the subsequent accumulation of*N*^6^m-AMP suggested that it is the main *in-vivo* substrate of *Arabidopsis thaliana* MAPDA (AtMAPDA), and might only be metabolized by this enzyme in *A. thaliana*. Additionally, MAPDA does not belong to the ADA families that we already know ([@B36]). Therefore, they renamed the enzyme MAPDA, and also inferred that its function is likely to protect RNA from m^6^A mis-incorporation.

Crystal structures of ADAs from a variety of organisms have been solved, ranging from lower bacteria to higher eukarya (structures of representative species include PDBs 1ADD, 2ADA, 3IAR, 3MVI, 1VFL, 1WXY, 1KRM, 1NDV and 1NDW) ([@B37]). The enzymes share the (β/α)~8~ barrel structure and their core catalytic domains possess a characteristic zinc-binding signature sequence SL(S/N)TDDP ([@B42]). In addition, plenty of inhibitors were designed and cocrystallized with the enzymes due to their pharmacological values. It was found that ADA might adopt either an 'open' or a 'closed' conformation, depending upon whether or what inhibitors were bound ([@B41]). Compared to the thorough studies conducted on ADAs, the molecular recognition mechanism of MAPDAs is poorly understood due to a lack of structural studies, although the enzymes were identified and characterized biochemically more than a decade ago. In this study, the high-resolution structures of AtMAPDA in the apo form and in complex with various ligands were determined. The interactions between the enzyme and the substrate were investigated by the deaminase assay using the thin layer chromatography (TLC) and UV--Vis spectroscopy. By structural comparison to that of ADAs, two distinct conformational states of AtMAPDA were identified. This study provides insights into the substrate recognition mechanism of MAPDAs and may assist MAPDA-related drug development.

MATERIALS AND METHODS {#SEC2}
=====================

Cloning, expression and protein purification {#SEC2-1}
--------------------------------------------

The full-length gene encoding At4g04880 (accession number AY099563) was amplified by PCR from the cDNA of the *Arabidopsis thaliana* accession Col-0 using primers 5′-GCGGCAGCCATATGGAATGGATACAATCACTGCC-3′ and 5′-TTGCACTTCTCGAGCT AAACGTGCTCTGGCGAG-3′. After double digestion by the restriction enzymes *Nde*I and *Xho*I, the PCR product was inserted into a modified pET-28a (+) vector. The mutations were created through *Quikchange* PCRs based on the WT sequence and the primers were listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. In order to obtain the cocrystals of the enzyme-substrate complex, the D295N mutation was introduced to inactivate the enzyme and to stall the reaction.

The plasmids were transformed into *Escherichia coli* strain BL21 (DE3) cells for overexpression of the target proteins. The transformed cells were cultured overnight in Luria-Bertani broth containing 50 mg/l kanamycin at 37°C. A 2-l fresh culture medium was inoculated with 20 ml of the overnight culture. When *A*~600~ reached 0.8 at 37°C, the expression of AtMAPDA was induced by 0.2 mM isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside (IPTG) and was kept shaking overnight at 18°C. The *E. coli* cells were then pelleted by centrifugation at 3500 g for 20 min and resuspended in pre-chilled nickel-nitrilotriacetic acid (Ni-NTA) buffer A containing 40 mM Tris--HCl (pH 8.0), 250 mM NaCl, 10 mM imidazole, 1 mM β-mercaptoethanol (β-ME) and 1 mM phenylmethylsulfonyl fluoride (PMSF). The resuspended cells were disrupted by ultrasonication and the supernatant was obtained by centrifugation at 23 500 g for 1 h at 4°C. The supernatant was then applied onto Ni-NTA affinity resin (Qiagen) pre-equilibrated with Ni-NTA buffer A. The target protein was eluted with Ni-NTA buffer B containing 40 mM Tris--HCl (pH 8.0), 250 mM NaCl, 250 mM imidazole, 1 mM β-ME and 1 mM PMSF. The fractions were further subjected to ion exchange purification by a QHP column (GE Healthcare) using a NaCl gradient, and protein was eluted at ∼150 mM NaCl. The purified protein was pooled and dialyzed against a buffer consisting of 20 mM Tris--HCl (pH 8.0), 150 mM NaCl and 1 mM DTT. AtMAPDA was stored at 3.0 mg/ml at --80°C after being flash frozen by liquid nitrogen.

Crystallization and structure determination {#SEC2-2}
-------------------------------------------

Initial crystallization screens were set up using the sitting-drop vapor diffusion method, and 6.0 mg/ml protein was mixed with equal volume of the reservoir solution at 20°C. Crystals of the apo-protein were obtained in a condition of 26--36% PEG 3350, 0.2 M NaCl, and 0.1 M HEPES (pH 7.5). After optimization, thick crystals were obtained from a condition consisting of 32% PEG 3350, 0.1 M NaCl, and 0.1 M Tris--HCl (pH 9.0) using the hanging-drop vapor diffusion method. The cocrystals with *N*^6^m-AMP or IMP were obtained by mixing D295N with 2 mM *N*^6^m-AMP, or WT with 2 mM IMP at a molar ratio of 1:15 prior to crystallization and were grown under identical conditions.

The fully-grown crystals were soaked for 1--3 min in a cryoprotective solution containing all the components of the reservoir solution supplemented 20% glycerol (v/v). The soaked crystals were mounted on nylon loops and flash frozen in liquid nitrogen. The native data were collected from frozen crystals at -173°C on ADSC CCD detectors using Beamline 19U1 (BL19U1) at the Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, P.R. China). The data were processed with the program *HKL3000* ([@B45]). All the space groups of the crystals or the cocrystals were *P*2~1~2~1~2~1~, and there was one molecule in the asymmetric unit, judging from the solvent content. To solve the crystal structures, molecular replacement (MR) was first performed on the dataset of the apo-protein using *Phaser* ([@B46]) with the coordinates of the mouse ADA structure (PDB 2ADA) ([@B37]) as the search model. The initial solution was obtained with a high *R* value (∼0.5), suggesting large structural deviations from the model. Several regions displayed large positive and negative peaks in the difference map, which were manually rebuilt according to the electron density map with *COOT* ([@B47]). The phase was further improved by density modification, and multiple cycles of refinement alternating with model rebuilding was carried out by *PHENIX. refine* ([@B48]). The model was finished with 337 residues built into the density. The final R-factor was 17.4% (*R*~free~ = 22.2%). The final model was validated by *Molprobity* ([@B49]). The Ramachandran plot of the final model has 96.68%, 3.02% and 0.30% of the residues in the most favorable, generously allowed and disallowed region. The structures of the D295N-*N*^6^m-AMP and the WT-IMP complexes were solved through a similar fashion, but with the finished model of the apo-protein as the search model for the MR runs. All the data collection and structure refinement statistics were summarized in Table [1](#tbl1){ref-type="table"}. The structural figures were produced with *PyMOL* ([www.pymol.org](http://www.pymol.org)).

###### 

Data collection and refinement statistics

                               Apo-WT (6IJM)                D295N-*N*^6^m-AMP (6IJN)   WT-IMP (6IJP)
  ---------------------------- ---------------------------- -------------------------- ---------------------------
  **Data collection**                                                                  
  Resolution (Å)               50.00-2.00 (2.07--2.00)^a^   50.00-1.66 (1.72--1.66)    50.00--1.85 (1.92--1.85)
  Space group                  *P* 2~1~2~1~2~1~             *P* 2~1~2~1~2~1~           *P* 2~1~2~1~2~1~
  Cell dimensions(Å)                                                                   
  *a, b, c* (Å)                50.6, 79.9, 86.8             49.9, 80.1, 86.8           50.9, 81.3, 86.6
  *α, β, γ* (°)                90, 90, 90                   90, 90, 90                 90, 90, 90
  R~merge~                     0.071 (0.55)                 0.10 (0.49)                0.077 (0.33)
  CC~1/2~                      0.999 (0.876)                0.998 (0.959)              0.992 (0.944)
  Redundancy                   6.4 (6.4)                    12.6 (13.0)                6.3 (6.5)
  Completeness (%)             98.7 (98.7)                  99.7 (99.3)                99.8 (99.8)
  *I/σ~(I)~*                   20.5 (2.9)                   20.5 (5.1)                 38.2 (4.9)
  **Refinement**                                                                       
  Resolution (Å)               43.75--2.02 (2.11--2.02)     43.28--1.66 (1.69--1.66)   43.89--1.85 (1.90--1.85)
  No. reflections              22196                        42004                      31411
  *R* ~work~/*R*~free~^b^(%)   17.4/22.2                    14.7/17.4                  15.9/17.8
  No. atoms                                                                            
  Protein                      2613                         2693                       2665
  Ligand                       1 (Zn^2+^)                   24 (*N*^6^m-AMP)           1 (Zn^2+^), 23 (IMP)
  Water                        193                          305                        408
  *B*-factor (Å^2^)                                                                    
  Protein                      25.01                        16.9                       32.2
  Ligand                       24.2                         10.0 (*N*^6^m-AMP)         26.0 (Zn^2+^), 26.6 (IMP)
  Water                        31.60                        28.7                       39.4
  RMS(bonds) (Å)               0.011                        0.009                      0.015
  RMS(angles) (°)              0.92                         1.06                       1.23
  Ramachandran favored (%)     96.68                        97.33                      97.62
  Outliers (%)                 0.30                         0.30                       0.30

^a^Values in parentheses are for the highest-resolution shell.

^b^R~merge~ = Σ \|(*I* - \< *I* \>)\|/σ(I), where *I* is the observed intensity.

^c^R~work~ = Σ~*hkl*~ \|\|*F*o\| - \|*F*c\|\|/ Σ~*hkl*~ \|*F*o\|, calculated from working data set.

^d^ *R* ~free~ is calculated from 5.0% of data randomly chosen and not included in refinement.

Deaminase assay with TLC detection {#SEC2-3}
----------------------------------

The assay mixture contained 20 mM Tris--HCl (pH 8.0), 150 mM NaCl and 5 mM *N*^6^m-AMP. 50 μM AtMAPDA or mutants were added to initiate the reaction. All the reactions were incubated for 30 min on ice. Aliquots of 0.5 μl were taken and spotted on a cellulose polyethyleneimine plate (Merck Millipore). The spots were 2 cm from the bottom of the plate and 1 cm apart, and the plates were developed with n-BuOH-HOAc-H~2~O (12:3:5) as the solvents in a glass jar. The TLC plates were then exposed to UV light for visualization.

Deaminase assay with UV--Vis spectroscopy detection {#SEC2-4}
---------------------------------------------------

The absorption curves of *N*^6^m-AMP and IMP were first measured at the wavelength 230--310 nm range using a UV--Vis spectrophotometer (Hitachi U-2900). Then the individual absorbance values of both *N*^6^m-AMP and IMP at different concentrations were measured at 240 nm, and a working curve was generated by plotting the absorbance differences between the two molecules against specific concentrations. The deamination activity of AtMAPDA was assessed by quantifying the conversion of *N*^6^m-AMP to IMP at 240 nm and at 25°C. To obtain the kinetic constants, assays were carried out in a buffer containing 20 mM potassium phosphate (pH 7.2) with *N*^6^m-AMP in the assay mixture, and the reactions were started by addition of the enzyme. Enzyme with appropriate concentrations (250 nM WT, 500 nM partially impaired mutants, or 1--2 μM completely inactive mutants) and substrates with varying concentrations were employed. Activities of each mutant were repeated in triplicates.

RESULTS {#SEC3}
=======

The structure of apo-AtMAPDA {#SEC3-1}
----------------------------

The apo-AtMAPDA protein construct used for crystallization contains 376 residues, with 21 extra amino acids being appended at the N-terminus to assist purification. Each asymmetric unit contains only one monomer, consistent with the solution state as indicated by gel-filtration chromatography analysis (data not shown). The protein is visible from His-1 to His354, and contains two internal disorders for the Lys49-Asp51 and Ala133-Gly147 regions. The region encompassing the former also displays a high temperature factor, indicating local structural flexibility. Therefore, side chains of many residues at this region were not modeled. The refined model contains a total of 337 amino acids, 193 water molecules and a Zn^2+^ metal ion. The model is of good geometry, with 0.3% residues falling in the outlier region in the Ramachandran plot.

The basic deaminase domain retains the (β/α)~8~ Tim-barrel fold similar to that of ADAs, with the essential Zn^2+^ ion tightly bound at the C-terminal end of the barrel (Figure [1A](#F1){ref-type="fig"}). The high-resolution structure shows that the critical zinc is coordinated by the side chains of four key residues (His13, His15, His217 and Asp295) and adopts an octahedral geometry (Figure [1B](#F1){ref-type="fig"}). Two water molecules serve as the fifth and sixth ligands respectively, one of which is presumably the catalytic water (Wcat), to be activated for the nucleophilic attack on the C6 position of the substrate.

![The overall structure of apo-AtMAPDA. (**A**) The structure shown in the ribbon rendition in the front and back views. The N- and C-termini were indicated and the secondary structure elements of AtMAPDA were labeled. The cyan dot indicated the zinc ion. (**B**) The close-up of the zinc-coordination state. The side chains of the key residues were shown as sticks and labeled. The two water molecules were the water for catalysis (Wcat) and coordination (Wcor) respectively, serving as the fifth and sixth ligands. The distances of the ligands from the metal were shown (units in Å).](gkz070fig1){#F1}

The structure of AtMAPDA in complex with the substrate {#SEC3-2}
------------------------------------------------------

To find out the structural basis of substrate recognition, we crystallized AtMAPDA in complex with *N*^6^m-AMP. To prevent the catalysis on the substrate, we intentionally mutated Asp295, the catalytic residue to an asparagine. In the resulting cocrystal structure, the active site contains an*N*^6^m-AMP molecule (Figures [2A](#F2){ref-type="fig"} and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). The general shape of the AtMAPDA complex resembles that of the apo-protein, but several local structural changes are evident, namely the α3 and α4 helices (Phe40-His71), which will be further detailed elsewhere. Additionally, the disorder Lys49-Asp51 observed previously on the apo-protein became structured (Figure [2B](#F2){ref-type="fig"}). At the substrate-binding pocket, the map shows clear density of the methylated AMP, which forms extensive interaction network with surrounding residues ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"} and Figure [2C](#F2){ref-type="fig"}). Specifically, N6 and N1 of the six-membered ring form three hydrogen bonds with Glu220 and Asn295 respectively, whereas N7 from the five-membered ring makes two more with the terminal carboxylate of Asp296 (Figure [2C](#F2){ref-type="fig"}). Meantime, the base also forms a main chain interaction with the backbone amino group of Gly190 via N3. The recognition on both rings distinguishes purines from pyrimidines. The ribose forms two more hydrogen bonds, including one with a long distance (∼3.4 Å) on the 2′-hydroxyl group from Asp160. Therefore it is not difficult to predict that the enzyme can recognize both AMP and dAMP derivatives. The terminal phosphate group is locked in a pocket by both hydrogen bonds and salt bridges. Particularly, the former involves the main-chain amino groups of Leu16, Asn17 and Thr98, as well as side chains of His65, Asn17 and Thr98. Moreover, the terminal Nϵ atom of Lys100 makes a salt bridge with the phosphate. The tight binding mode accommodates the monophosphate group nicely but also leaves no room for additional phosphates as well, and thus excludes the binding of ADP or ATP. Furthermore, the *N*^6^-methyl group is ∼4.0--5.0 Å away from hydrophobic residues Val57 and Phe300, and forms van der Waals contacts with them. These hydrophobic contacts may serve as a 'sensor' of the methylation, which partially explains the inactivity of AtMAPDA toward AMP. On the other hand, Val57 is replaced by a cysteine in the human counterpart, which may render the enzyme less sensitive to the methylation and thus confer activity on AMP in both non- and methylated forms ([@B35]). Lastly, the aromatic ring of Phe58 is perpendicular to the purine ring of the substrate and forms face-to-edge aromatic interactions, whereas His15 forms π-π stacking interactions. The residues mediating aforementioned interactions are mostly conserved, and we therefore made the mutations on them to test their contribution to the enzymatic activity toward *N*^6^m-AMP using TLC. All the mutants were well expressed, purified ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) and behaved normally on a gel-filtration column (data not shown), suggesting that no significant impairment was induced by the mutations to the folding process. When the reaction products were run on cellulose polyethyleneimine plates and developed with designated solvents, the IMP product migrated much slower than the substrate. The TLC results showed that the activity of the WT enzyme toward*N*^6^m-AMP was rather strong, which converted all the methylated AMP to IMP in a 30-min reaction (Figure [2D](#F2){ref-type="fig"}). However, the H15A, E220A, D295A, D295N and D296A mutations almost eliminated deaminase activity, with little amounts of IMP produced. On the other hand, while the N17A, T97A and K100A mutants displayed moderate reduction in activity, the H65A and T98A mutants each had an activity almost comparable to that of WT at an enzyme concentration of 50 μM. Considering that the TLC method was an insensitive method for enzymatic activity characterization, we further conducted the assays and detected the UV absorbance changes accompanying the chemical reaction at 240 nm using UV--Vis spectroscopy, which linearly correlated with the conversion of the substrate to product ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). We discovered that the spectroscopic results agreed with that of TLC (Table [2](#tbl2){ref-type="table"} and Figure [2D](#F2){ref-type="fig"}). In particular, the H15A, E220A, D296A, and D295A/N mutations indeed caused the most significant impairment to enzymatic activity, which could not be determined by current spectroscopic method. Of these residues, His15 and Asp295 are not only the ligands for the zinc metal, but also involved in substrate recognition (Figures [1B](#F1){ref-type="fig"} and [2C](#F2){ref-type="fig"}). The lesser important residues are residues for base-specific recognition such as Asp296 and Glu220, and the rest of the residues that contact the ribose or the phosphate group were partially active in the deamination assays upon mutations (∼30--70% of WT in terms of catalytic efficiency).

![Substrate interactions with AtMAPDA and enzymatic deaminase activity characterization on mutants. (**A**) The cocrystal structure of AtMAPDA (rendered in ribbon and surface) in complex with *N*^6^m-AMP (in sticks). (**B**) Structure comparison of the AtMAPDA-*N*^6^m-AMP complex (PDB 6IJN, cyan) with apo-AtMAPDA (PDB 6IJM, color scheme as in Figure [1A](#F1){ref-type="fig"}). The structural changes for the α3 and α4 helices (PheF40-His71) before and after the binding of the substrate were indicated by the red circles. (**C**) The interaction network of *N*^6^m-AMP with AtMAPDA. The residues participating in ligand recognition were depicted as sticks and labeled. The hydrogen bonds were shown by the red dashed lines (distance \< 3.5 Å). (**D**) The deaminase activity assays for the WT and mutants as detected by TLC. (**E**) The close-up of the zinc-binding site of D295N, bound by the substrate. The closest distances between the *N*^6^-methyl group and Val57 or Phe58 were indicated by the red lines and distances were shown (units in Å).](gkz070fig2){#F2}

###### 

Kinetic constants for AtMAPDA and mutants

  Mutant   *K* ~M~ (μM)   *k* ~cat~ (s^−1^)   *k* ~cat~/*K*~M~ (M^−1^ s^−1^)   Relative *k*~cat~/*K*~M~
  -------- -------------- ------------------- -------------------------------- --------------------------
  WT       4.14           0.86                0.21                             1.0
  H15A     ND             ND                  ND                               ND
  N17A     7.12           1.01                0.14                             0.69
  H65A     5.51           0.69                0.13                             0.61
  T97A     8.94           0.62                0.07                             0.34
  T98A     4.52           0.57                0.13                             0.62
  K100A    6.89           0.49                0.07                             0.35
  E220A    ND             ND                  ND                               ND
  D295A    ND             ND                  ND                               ND
  D295N    ND             ND                  ND                               ND
  D296A    ND             ND                  ND                               ND

ND: not determined.

Interestingly, in contrast to the clear density shown by the *N*^6^m-AMP ligand, the zinc density was almost invisible. The planar purine ring of the substrate replaces one of the water molecules (Wcor) and also pushes the catalytic water (Wcat) out of position (Figure [2E](#F2){ref-type="fig"}). Additionally, the mutated Asn295 residue would not be an appropriate zinc ligand either, because zinc usually prefers histidines, aspartates and cysteines. Therefore, with only three ligands remaining in their positions, the zinc ion became lost due to the insufficient coordination ligands. Although the D295N protein apparently lost its ability to deaminate, it still maintained its intact three-dimensional structure.

The structures of AtMAPDA in complex with the product {#SEC3-3}
-----------------------------------------------------

Next, we solved the structure of WT AtMAPDA enzyme complexed with IMP in order to investigate the final state of the enzymatic pathway. The product-enzyme structure barely had any changes from that of the initial substrate-enzyme complex, with an RMSD value of 0.20 Å over 336 Cα atoms. The 1.85-Å map indicated that in the active site, O6 does not contact any residues (Figures [3A](#F3){ref-type="fig"} and [Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). The positions and orientation of the pivotal residues are almost identical before and after the reaction, except for residue 295 (aspartate/asparagine) and His240. Side chains of both residues flipped small angles, most likely due to the formation of a hydrogen bond with the catalytic water (data not shown). The water molecule for catalysis (Wcat) is now back in position, probably preparing for the next round of attack since the enzyme is ready for release of the product (Figure [3B](#F3){ref-type="fig"}). In contrast, Wcor is still missing due to the occupation of its position by the IMP product. Therefore the zinc ion now is coordinated by five ligands and its coordination geometry is trigonal bipyramid. Of note, difference map after the refinement showed weak negative density around the metal, suggesting the partial engagement of the site by zinc, as opposed to the normal density shown by WT in the apo form. In the finished model, the zinc occupancy was refined to 93%. It displayed a temperature factor (26 Å^2^) comparable to that of the protein chain (32 Å^2^). Other than that, structure comparison showed that there were minimal changes in the enzyme structure, but we could not rule out the possibility that the enzyme still makes any structural rearrangements as needed for the enzymatic reaction to happen (Figure [3C](#F3){ref-type="fig"}).

![The structure of the enzyme bound by the product. (**A**) The interaction network of IMP with AtMAPDA. (**B**) The close-up of the trigonal bipyramidal coordination state of zinc. The distances of the ligands from the metal were shown (units in Å). (**C**) The structural superimposition of the enzyme-*N*^6^m-AMP complex (PDB 6IJN, cyan) and the enzyme-IMP complex (PDB 6IJP, magenta).](gkz070fig3){#F3}

Structure comparison to homologs {#SEC3-4}
--------------------------------

Dali search for structurally close proteins ([@B50]) resulted in similarity to several proteins, all being annotated adenosine deaminases, and the top two are the mouse (MmADA, PDB 2ADA) ([@B37]) and murine adenosine deaminases respectively (MuADA, PDB 3MVI) ([@B42]). MmADA could be aligned to AtMAPDA with an RMSD of 1.83 Å over 306 Cα atoms, suggesting relatively large variations between the two structures, which may explain the poor solution initially obtained by molecular replacement. By overlaying these structures, we found while the barrel-shaped deaminase domain was preserved among these proteins, large variations were mainly found at four locations flanking the disordered regions at the N-termini: Asp22-Ser53 (I), Val55-Leu67 (II), Lys100-Ile105 (III) and Arg121-Thr132 (IV) (Figure [4A](#F4){ref-type="fig"}). Especially the two loop regions Lys35-Phe40 and Lys100-Ile105 are substantially shorter, with much simpler connections to the following helices compared to MmADA. Besides the conservation of the Tim-barrel fold, the binding modes of the adenine moieties and the zinc-binding sites are retained as well, suggesting a shared catalytic mechanism between MAPDA and ADA (Figure [4B](#F4){ref-type="fig"}). However, there are structural variations at Val57-Phe58, which are important for *N*^6^-methyl interactions. These two residues are substituted by a phenylalanine (Phe61) and leucine (Leu62) respectively in MmADA. In the overlaid MmADA structure, the methyl group is inappropriately close to the side chain of Phe61 (\< 2.1 Å). In addition, our modeling studies as well as that by Chen *et al.* ([@B36]) suggested that in the intermediate stage of MAPDA catalysis where the tetrahedral adduct is formed, the steric hindrance posed by the methyl group might become more severe (Figure [5A](#F5){ref-type="fig"}). We wonder whether these observations constitute the structural basis that ADA barely catalyzes the deamination of *N*^6^m-AMP. Following this idea, we mutated Phe61-Leu62 in MmADA to Val-Phe in order to make more room at the methyl-binding subsite. However, our attempts to switch the substrate specificity was not successful, as our mutant still retained strong activity toward adenosine but displayed no activity toward *N*^6^-methyl-2′-deoxyadenosine (data not shown). Therefore, there are more complicated reasons for ADA's behavior, which require more investigation. Other yet-to-be-identified regions or factors may further contribute to the recognition of the substrate. While inspecting the structures of ADAs, we found that the open and closed conformations reported for ADA were similar to that of AtMAPDA in its ligand-free and ligand-bound forms respectively. Apo bovine ADA adopts the open form while it becomes closed when in complexes with the substrate analogs ([@B41]). This process involves the movement of Leu55 and Leu59 towards Glu183 (the fixed point) by as much as 3.0 Å and structural readjustment of the Thr54-Pro67 helix (α3), induced by ligand binding and the removal of a key water coordinated to Asp293 (Figures [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}) (PDBs 1VFL and 1KRM) ([@B40],[@B41]). The corresponding moving helix in AtMAPDA is α4, along with α3, and it undergoes even larger conformational changes (rotation of a larger angle of ∼10° with Ala70 being fixed) upon binding of the substrate or release of the product: the equivalent residues Leu54, Phe58 move closer to Pro192 (the corresponding residue to Glu183 in bovine ADA), with their closest distances shortened by 6.2 and 4.4 Å respectively (Figures [5D](#F5){ref-type="fig"} and [E](#F5){ref-type="fig"}). A similar rotation of α3 is also observed. More importantly, these local structural changes also require the dislodgment of the water molecule coordinated to Asp296, a result by the binding of the ligands. In comparison, the rotation in bovine ADA is much smaller and only involves the α3 helix, while no significant structural changes were observed for its preceding helix α2.

![Structure comparison to homologs. (**A**) The structural superposition of apo-AtMAPDA (PDB 6IJM, color scheme as in Figure [1A](#F1){ref-type="fig"}) with that of MmADA (PDB 2ADA, yellow). The four regions displaying substantial structural differences were indicated by the blue circles. (**B**) The shared binding mode between the AtMAPDA-IMP complex (PDB 6IJP, cyan) and the MmADA-HPR complex (yellow, PDB 2ADA). The key residues for the adenine and zinc binding were shown as sticks and the zinc ions were represented as spheres. HPR: 6-hydroxy-7,8-dihydro purine nucleoside.](gkz070fig4){#F4}

![The modeled tetrahedral intermediate state and observed alternative conformations for ADA and AtMAPDA. (**A**) Cartoon showing the possible steric hindrance (shown by arrows) of the hypothetical tetrahedral adduct with Phe61 of ADA (lower panel) and accommodation of the tetrahedral adduct by AtMAPDA (upper panel). (**B**) The switch of distinct conformational states of bovine ADA (in Cα traces) before and after the binding of the ligand (PDB 1VFL, blue and PDB 1KRM, orange). (**C**) The close-up of the movements of the local area surrounding the α3 helix (boxed area in (B)) in bovine ADA. (**D**) AtMAPDA upon the binding of the substrate (PDBs 6IJM, color scheme as in Figures [1A](#F1){ref-type="fig"} and 6IJN, cyan). The key residues were shown as sticks and their movements were indicated by the arrows. (**E**) The close-up of the movements of the local area surrounding the α3 and α4 helices (boxed area in (D)) in AtMAPDA.](gkz070fig5){#F5}

Model for catalytic pathway {#SEC3-5}
---------------------------

We thus obtained three crystal structures from AtMAPDA, each representing a different stage of the catalytic pathway: the free enzyme, enzyme bound by the substrate, and enzyme bound by the product. The conversion between individual states is accompanied by conformational changes between two distinct states. According to our structural and biochemical analyses, we propose that the MAPDA pathway should proceed as follows, which can be divided into five stages and is well supported by our high-resolution crystal structures. (a) In the apo state, the zinc ion adopts a hexa-coordination state by employing Wcat, Wcor as the fifth and sixth ligands. The zinc geometry is octahedral and the enzyme adopts an open conformation. (b) The substrate binds and induces the conformational transformation to a closed one. This process pushes away Wcor and the zinc metal adopts a trigonal bipyramidal geometry. (c) Asp295 activates Wcat to attack C6 of the substrate and a tetrahedral intermediate forms. (d) The methylamine molecule leaves and the chemical reaction completes. Wcat rebinds and restores the trigonal bipyramidal geometry. (e) IMP is released before Wcor rebinds to reproduce the octahedral geometry. The enzyme goes back to the open state (Figure [6](#F6){ref-type="fig"}). In stages (c) and (d) of the catalytic pathway, the enzyme barely changes conformations and they are presumably fast processes, whereas the substrate-binding and product-releasing stages (stages (b) and (e)) require large conformational changes, and the processes probably will be slow. Previously proposed mechanisms on ADAs mostly focused on a single aspect of the pathways such as static structural information, conformational transformation, or coordination states etc. occurring in the deamination process. These mechanisms were considered to consist of two major steps involving an addition-elimination type with the direct addition of water on C6 of the purine ring, which subsequently leads to the formation of a tetrahedral intermediate. Our model on the MAPDA enzyme contains more details of the reaction including distinct conformational states, changes, binding and dissociation kinetics as well as the coordination states of the zinc ion, and is consequently more comprehensive with finer steps. In addition, the zinc ion of AtMAPDA mainly adopts a five or six coordination state, in contrast to the four or five coordination states reported on many ADAs, and the purpose of the extra water molecule (Wcor) remains obscure. Lastly, AtMAPDA undergoes even larger conformational changes than that of ADAs during the chemical reaction, which makes it interesting and unusual. Nevertheless, the complete elucidation of the catalytic process awaits more structural models and biochemical characterization. For example, the enzyme bound by an inhibitor mimicking the transition state in combination of solution dynamic characterization will provide a clearer picture of the deamination pathway.

![Proposed catalytic pathway for AtMAPDA. (**A**) In the apo state, the zinc ion adopts a hexa-coordination state with an open conformation. (**B**) The substrate binds and induces the conformational transformation to a closed one and a trigonal bipyramidal geometry accordingly. (**C**) Asp295 activates Wcat for the S~N~2 reaction and a tetrahedral intermediate forms. (**D**) The methylamine leaves to finish the reaction and trigonal bipyramidal geometry is reproduced. (**E**) AMP is released and the enzyme goes back to the open state and the octahedral geometry. The open states were placed to the left of the dashed line whereas the closed states were to the right.](gkz070fig6){#F6}

DISCUSSION {#SEC4}
==========

In this study, we solved a series of high-resolution structures of AtMAPDA, the first structures of its kind. All three structures reported here display an unstructured region between Ala133 and Gly147, which is not present in ADAs or other MAPDA orthologs ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The significance of the 15-residue disorder to the enzyme function is unclear, but it appears to play a non-important role, as suggested by its non-conservation among the species.

Our cocrystal structures and biochemical studies not only reveal the substrate recognition mechanism of AtMAPDA, but also provide insight into its catalytic pathway. We first discovered that di- or tri-phosphate adenosines are not suitable substrates due to restrained space at the phosphate-binding subsite, while non-phosphorylated adenosine lacks enough contacts with the enzyme. Secondly, recognition of both rings of purines excludes pyrimidines as substrates. Additionally, HsMAPDA can accommodate modest-sized lipophilic *N*^6^-substitutions, which may establish non-polar contacts with residues Val57 and Phe58. In fact, *O*^6^-methylguanosine monophosphate is a more effective substrate than *N*^6^m-AMP ([@B34]). In this aspect, HsMAPDA acts as a demethylase for *O*^6^m-GMP. Furthermore, we attempted to switch substrate specificity of ADA to that of AtMAPDA by structure-guided mutations but found simple mutations would not do the 'trick'. There must be more features yet to be uncovered about this intriguing enzyme. The MAPDA enzymes appear to require the terminal phosphate group for enhanced binding of substrate, whereas ADAs are inactive toward phosphorylated adenosine derivatives. Although higher eukaryotes also have AMP deaminase (AMPD) that carry out the deamination of AMP to IMP, but AMPDs are considerably larger than MAPDAs or ADAs. Additionally, the structures of these enzymes are substantially different, as are their substrate binding modes (PDB 2A3L) ([@B51]).

In terms of substrate recognition mechanism, we concluded that the enzyme needs to undergo relative large conformational changes upon the binding of the substrate or at the finish of the catalysis, but it less likely changes conformation during the chemical reaction from the substrate-enzyme complex (ES) to the product-enzyme complex stage (EP). These observations suggested that binding or release of the substrate might be the rate-determining step, while the chemical reaction was a fast step once the ES complex was formed. This deduction was in agreement with the large k~2~ and *k*~--1~ but small *k*~1~ values reported on calf ADA ([@B52]), which also experiences large conformational changes during substrate binding. Although the two types of enzymes are phylogenetically distinct ([@B33]), they share considerable similarities in structure and conformational dynamics as revealed in this study. More importantly, HsMAPDA is a potential pharmacological target for the activation of nucleoside/nucleotide analogs currently approved or in clinical trials. The valuable research experience accumulated from the comprehensive studies on the ADA enzyme during the past provides a frame of reference for future research on MAPDA-based drug design.
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